Observed dose-response patterns of data from several developmental toxicity experiments appear to be nonlinear and should be characterized by an appropriate model to adequately fit this observed pattern. Information from these animal studies of ambient substances that are noncarcinogenic, yet potentially toxic, to humans is used by federal protection agencies (Environmental Protection Agency, Occupational Safety and Health Administration, Food and Drug Administration) to determine safe exposure levels, such as no observed adverse effects level and benchmark dose. We have developed a flexible regression linear B-spline model for application to developmental toxicity dose-response data from animal studies of these noncarcinogens. We apply our model to data from two CD-1 mice studies of the National Toxicology Program; the observed dose-response pattern from both appears nonlinear: (1) experiment of 131 pregnant mice allocated over five exposure levels (0, 0.025, 0.05, 0.10, and 0.15% diet) of diethylhexyl phthalate and (2) experiment of 111 pregnant mice exposed to five levels (0, 62.5, 125, 250, and 500 mg/kg/day) of diethylene glycol dimethyl ether. In each study, we measure litter response as the proportion of adversely affected fetuses. Upon applying our B-spline model to the data from both studies, we predict nonlinear dose-response, with improvement over the more typical logistic dose-response model in each of the two studies.
Developmental toxicity studies involve impregnated animals, usually rodents, which are randomly allocated to be administered or exposed to dose levels (including control) of some environmentally ambient substance to which humans are exposed. Regulatory agencies, such as the Environmental Protection Agency (EPA), Food and Drug Administration, and Occupational Safety and Health Administration, use the results of such experiments in identifying acceptable exposure levels in the environment, home, and workplace, respectively. For each animal, measured outcomes of fetal endpoints include those related to growth, such as body weight and length, birth defect indicators (structural abnormalities), and death indicators (pre-or postnatal deaths) . We analyze only the discrete data. For the experiments described in this paper, in each litter, we group deaths (pre-and postnatal) and malformations together as ''adverse events.'' This grouping is consistent with the assertion that this may be better in estimating the doseresponse than modeling death and malformation incidence separately (U.S. EPA, 1991) . Sample size for experiment is the total number of litters.
The linear model has been the default dose-response model when assessing cancer risks to toxic exposure (U.S. EPA, 2005) . In the early 1970's, the advent of the threshold allowed this concept to become a basic assumption by the EPA in noncarcinogenic risk assessment (U.S. EPA, 1991) . ''Threshold'' is the largest nonzero dose level whose response is equivalent to the control level. If applicable, one or more of the most current guidelines for other areas of risk assessment are used in conjunction with or in lieu of the EPA developmental toxicity guidelines when chemical exposure is suspected to cause additional harmful effects not noted in developmental guidelines (U.S. EPA, 1986 EPA, , 1992 EPA, , 1996 EPA, , 1998 EPA, , 2005 . When the data warrants, the benchmark dose (Crump, 1984) is the current ideal point of departure (POD) in the early phase of developmental risk assessment (as opposed to no observed adverse effects level [NOAEL]), its advantage over NOAEL being its ability to account for the shape of the dose-response curve. A safety factor is then applied to the POD to obtain a suitable reference dose. Although both approaches in some sense adhere to the threshold concept, neither estimates the threshold.
The pure threshold dose-response model presumes, in addition to identical response at control and threshold dose levels, constant response in the control-to-threshold dose range, i.e., all responses in this range are equivalent to control and threshold. The advantage of such a model, if a true threshold exists, is the ability to estimate threshold. We compare the results from applying our threshold model to the results of simply identifying the NOAELs in the two studies under investigation. We will discuss this in more detail in the ''Materials and Methods'' section. Cox (1987) theorized several reasonable pure threshold models for application to toxicological data in general, but certainly that can be applied specifically to developmental data with some possible additions and/or modifications. Schwartz et al. (1995) fit a pure threshold model to data from a National Toxicology Program (NTP) study, which is one of the data sets that we analyze here. Hunt and Rai (2003) modeled their threshold model to the same NTP data set with the addition of random effect into the doseresponse model that we use here. Our model, in addition to including the pure threshold model as a subset, has the flexibility to characterize the dose-response region that behaves on either side of the threshold. The threshold becomes more of a point of change in the local behavior of dose-response.
Our proposed model is based on regression spline theory, characterizes the nonlinear nature of the dose-response pattern, and implicitly models the threshold dose level as well as incorporating the inherent litter effect into the dose-response. We apply our model to data sets from two developmental toxicity studies conducted at the NTP. The ''Materials and Methods'' section is divided into several parts: ''Materials,'' ''DEHP Study,'' ''DYME Study,'' and ''Statistical Analysis.'' The ''Results'' section is divided into three subsections: ''DEHP Study,'' ''DYME Study,'' and ''B-Spline Plots''; here we present model estimates with SEs, goodness-of-fit tests, and tables and figures illustrating results. The ''Discussion'' section summarizes and discusses the model's performance on the data and advantages of using the model to characterize doseresponse in developmental toxicity studies.
MATERIALS AND METHODS

Materials.
The two animal studies involved the following developmental toxins: (1) diethylhexyl phthalate (DEHP) and (2) diethylene glycol dimethyl ether (DYME). These two toxins are in the class of agents that are known to cause toxicity in rodents, and although there is human exposure to these toxins in the environment, threshold for humans is much higher than that in rodents for these two toxins (U.S. EPA, 1991). In particular, DEHP is suspected to be indirectly related to liver cancer in rodents (Doull et al., 1999) . Table 1 summarizes the data from the two studies. Figure 1 contains the plots of the observed dose-response patterns from the two studies.
DEHP study. DEHP was administered to the diet of 131 pregnant CD-1 mice on gestational days 0-17 (Tyl et al., 1983) . Mice were randomly assigned to diet at one of five exposure levels: 0.0, 0.025, 0.05, 0.10, and 0.15% diet of DEHP. For each treated animal, status of each implantation site was recorded (dead, resorbed, or alive). Live fetal endpoints included body weight and structural malformation. For the purposes of our analysis of this data set, the number of implantation sites for an animal represents its litter size, and we categorize death, resorption, or malformation of a fetus as an adverse event. Of note is that the NOAEL for fetal adverse effects is at the 0.025% level. Figure 1a is a plot of the observed dose-response. DYME study. DYME was administered orally to 111 pregnant CD-1 mice on gestational days 6-15 (Price et al., 1987) . Mice were randomly assigned one of five exposure levels: 0, 62.5, 125, 250, or 500 mg/kg/day. Resorptions were recorded and live fetuses studied for body weight and malformations. For our analysis, the number of implantation sites is litter size, and we categorize resorption or malformation of a fetus as an adverse event. For the analyses related to the nongrowth endpoints, i.e., fetal deaths and abnormalities, the NOAEL is 125 mg/kg/day (for each endpoint separately). Figure 1b is a plot of observed dose-response.
Statistical analysis. We model the number of adversely affected fetuses X in a litter of n implanted fetuses. Binomial distribution is not sufficient for X, and various methods have been used over the years to account for the natural clustering due to the litter effect: the beta-binomial distribution (Chen and Kodell, 1989; Haseman and Kupper, 1979; Hunt and Bowman, 2004; Kupper et al., 1986; Paul, 1982; Williams, 1975) , overdispersed binomial (Schwartz et al., 1995) , and binomial conditioned on random effects (Hunt and Rai, 2003; Li and Hunt, 2004) . We use the last method. In addition to being computationally desirable, it has natural interpretation, which we will illustrate. Along with this, we propose a model that accurately characterizes the doseresponse relationship, dose here being the exposure level of toxin. Response for each litter is measured as the proportion of adversely affected fetuses, i.e., X/n.
Our proposed dose-response model is a linear combination of numerically stable (for parameter estimation) linear B-spline basis functions, which includes a point of change parameter (called interior knot) that is in the dose range at which point a change in the slope occurs. The linear spline one-knot FIG. 1. Observed dose-response patterns of (a) DEHP data and (b) DYME data. (De Boor, 1978) .
This approach for modeling data, i.e., using polynomial regression splines, is somewhat driven by the local behavior of the data. Although the number of interior knots can vary depending on the dose-response pattern, in the case of developmental toxicity studies, which typically have a limited number of distinct dose levels and perhaps change in the slope of the dose-response from the low-to high-dose region, generally one interior knot should suffice. Hence, we are building a piecewise linear function with interior knot e as a change point. The term ''interior'' knot distinguishes the knots within the doseresponse range (interior) to the lowest and highest doses of the study, which are technically ''knots,'' but not interior knots. These limits have no bearing in determining the number of parameters, although they are used in the construction of B-splines for the lowest and highest dose levels, respectively. However, they are regarded as fixed with respect to parameter estimation.
Our linear spline Model 1 is flexible in that it includes the pure threshold model (horizontal line representing dose-response below e) and allows litter effects through random component rz to be modeled directly into the doseresponse, following Hunt and Rai (2003) . Most threshold models presume continuity across the dose range. Therefore, in the pure threshold model with constancy below threshold, there is a mathematical dependency between the threshold parameter and the parameters that model the above-threshold region of the dose-response curve, i.e., in addition to the threshold parameter being a change point, it is also a parameter that is part of the dose-response model in the upper dose region (Cox, 1987; Hunt and Rai, 2003; Schwartz et al., 1995) . For the linear B-spline model, this is doubly true, as the interior knot parameter e is used to calculate the B-splines in both regions above and below the interior knot. Therefore, there is dependence between the interior knot and the B-spline coefficients h i that determine the shape of the dose-response curve.
The response data being proportions compels us to logistically transform so that Equation 1 becomes:
Hence, this spline Function 2 models the logistic transformation of response probability P as a linear (in each knot range) function of dose d. The overall function is not linear due to the knot parameter e. Parametric methods can be used for estimation. As the knot parameter makes our model a nonlinear, mixed-effects model, we use a method outlined in Collett (1991), whereby we derive an approximate likelihood function to find estimates. Statistical details of this procedure to develop the likelihood function are in Li and Hunt (2004) . To estimate the interior knot parameter e, as it enters the dose-response function nonlinearly, we developed and used a grid-searching algorithm (code written in FORTRAN 90) over the range of doses for the experiment to find the optimal location of e in relation to the other parameter estimates. That is, in each search, we find the profile likelihood function evaluated at that search's e value; then we maximize the set of profile likelihood functions over all e to find the optimal e (the true change point). We get the SEs of the parameter estimates from the sample information matrix calculated from the approximate likelihood function of the full model of all parameters h and e. The program based on this latter procedure is written in R version 1.9 code.
RESULTS
DEHP Study
Fitting our Model 2 to the data yields the parameter estimates in Table 2 . Estimates and SEs were obtained using the approach at the end of the ''Statistical Methods'' section. The estimate for the interior knotê (0.033%) places it optimally between the second and third dose levels (0.025 and 0.05%, respectively). Figure 2a represents the predicted dose-response curve (with pointwise confidence limits) fit to the observed data. The predicted curve adequately tracks the pattern of the data across the dose range. To get this predicted curve, we back-transformed from the logistic model in Equation 2 to get the probabilistic dose-response function P, and then we substituted parameter estimates from Table 2 into this function to yield the estimated probabilities.
Of interest is that our model estimates decreasing response from control (0.0%) to knot estimate (0.033%). This would imply that the 0.025% level has lower response rate than that at control level, not just uniform response, as a pure threshold model would imply. As the curve begins to increase above 0.033%, this implies the threshold dose as the dose in the higher-dose region (slightly above interior knot) whose response is identical to control response. We estimate that dose at 0.041%. This is similar to the threshold dose estimated by Hunt and Bowman (2004) using their U-shaped dose-response model, which implicitly models threshold level. Though it must be noted that this decreased response at 0.025% may only be due to sampling variation, as this response is even lower than the control response, the results do indicate that there is a strong evidence for the existence of a threshold dose, indicating that at the very least, a pure threshold model would be applicable.
To assess the fit of our model, we compared it to the traditional logistic dose-response model (no B-splines, no interior knots). This traditional model is nested within the regression spline model (Molinari et al., 2001) ; hence, we use the likelihood ratio test (LRT). Log likelihood from applying our spline model to the data is ÿ 546.334; log likelihood based on the traditional logistic to this data is ÿ 557.021. LRT statistic is 21.374 ( p < 0.0001), indicative of our model providing better fit than logistic. Logistic curve does not fit well here due to the fact that it models increasing dose-response, but the data indicates nonlinearity. Figure 2b is the fit of logistic curve and of our predicted curve to the data. Our model tracks the pattern better than the logistic. In particular, the logistic curve underestimates control response rate and overestimates responses at intermediate dose levels; also, our model identifies a threshold level.
DYME Study
Estimates from this study are in Table 3 . Estimated interior knot is 165.4 mg/kg, placing it optimally between the third and fourth dose levels (125 and 250 mg/kg). We believe that this is due to the closeness in response at the three lowest levels (including control). This result is not that surprising as the NOAELs in the study for the endpoints related to adverse effects (malformation and death) were at 125 mg/kg. Figure 3a is the predicted dose-response curve (with pointwise confidence limits) fit to the observed data. The predicted curve is very slowly increasing below the knot due to lower observed responses at the intermediate dose levels (see Table 1 ); the predicted dose-response is close to being a pure threshold model. LRT results reveal that our model provides better fit than logistic. Log likelihood for our model is ÿ 388.622; for the logistic model it is ÿ 395.286; LRT statistic is 13.328 Figure 3b is a graph of the logistic curve, and our predicted curve fit to the data. Logistic curve does not estimate control response as poorly as it did for the previous data (due to observed increasing dose-response patterns), but it still does not perform as well as our model in fitting the data; specifically, it overestimates response at the intermediate dose levels (125 and 250 mg/kg/day) due to its increasing nature; however, our model accounts for the slowly increasing pattern at low-tointermediate levels, then also for the more sharply increasing pattern at the higher levels. Figure 4 are the plots of the linear B-splines B i ðd; eÞ ði ¼ 1; 2; 3Þ; discussed in Equation 1, for both studies. Construction of these B-splines represents the initial step in the estimation process. Figures 4a, 4b , and 4c (first row) are the plots for the linear B-spline functions B 1 ðd; 0:033Þ; B 2 ðd; 0:033Þ; and B 3 ðd; 0:033Þ; respectively, of the DEHP study. Figures 4d, 4e , and 4f (second row) are plots for B 1 ðd; 165:4Þ; B 2 ðd; 165:4Þ; and B 3 ðd; 165:4Þ; respectively, for the DYME study. For each study, during each step of the estimation process described in the ''Statistical Analysis'' section, B-splines B i ðd; eÞ were calculated for the fixed interior knot value e at that profile likelihood step. Resulting profile likelihood estimates for model parameters were then obtained. This process was repeated over the entire dose range until B-splines based on the optimal interior knot value e were obtained. These are the B-splines in Figure 4 .
B-Spline Plots
DISCUSSION
We have proposed a method, a regression linear spline with interior knot represented as a linear combination of linear 
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HUNT AND LI B-splines with interior knot, for predicting the dose-response pattern of developmental toxicity exposure level-outcome data that exhibit nonlinearity. In addition to inherently modeling threshold dose, assuming its existence, our model can also detect nonlinear patterns other than the pure threshold model. It inherently accounts for various dose-responses and can reduce to the pure threshold model used on similar data by other authors (Cox, 1987; Hunt and Rai, 2003; Schwartz et al., 1995) . The pure threshold model is limited by its ability to only account for constant response between control and threshold doses. We fit our model to the data of two developmental studies, the dose-response patterns of which were observed to be nonlinear, with apparent threshold level (Fig. 1) . Our model provided better fit to both data sets than the logistic model (Figs. 2b and 3b) .
Our model can generalize to a model with higher-degree splines (quadratic, etc.) and multiple knots, but in the context of developmental studies, which by nature have few dose levels, fitting these higher-order nonlinear models would be difficult, and perhaps unnecessary (overfitting). Even a simple move up to a quadratic spline-interior knot model, which could give more smoothness to the curve, might overfit. One benefit of a quadratic spline-interior knot model is that the interior knot in this case is equivalent to the threshold dose so that threshold would be estimated directly. One has to consider whether the benefit outweighs the additional complexity. Certainly for such data, the quadratic spline would be sufficient, but perhaps not necessary. The linear spline model suffices here. Ours is a rather simple extension of the pure threshold model. It is flexible enough to accept lower-order models. Our model has the ability to adequately model such data.
Other important aspects of our model are its direct incorporation of the litter effect parameter into the dose-response (following the lead of Hunt and Rai, 2003) and the ability to still employ likelihood-based methods of parameter estimation (Collett, 1991) . Direct inclusion of the litter effect, in the form of random component in the dose-response model, allows for a more natural interpretation of dose-response. That is, the randomness implies varying litter probabilities (within dose level) due to litter effects. This approach is perhaps more desirable than other approaches like the beta-binomial (models litter effects separate from dose-response) or overdispersed binomial (treats litter effects as fixed rather than random).
The two toxins under study here, DEHP and DYME, are of a subtype of chemicals that are used in developmental experiments as part of the risk assessment process for determining human exposure. Inherent to this process is the assumption of threshold level (U.S. EPA, 1991). In both experiments, the endpoints related to adverse fetal effects resulted in NOAEL at exposure levels above control, lending credence to the threshold assumption. Additionally, studies of DEHP have illustrated nonlinearity of the dose-response (Doull et al., 1999) . Here, both studies illustrated the goodness of fit of our model. REGRESSION SPLINES FOR DEVELOPMENTAL DATA Application of our model here indicates its utility for the adverse effect data of developmental toxicity studies. Its inherent modeling of threshold and model-based approach satisfies the current guidelines for such studies. It can be generalized, and its ability to model distinct patterns between low-and high-dose regions has been shown. It has also shown agreement with the original NOAEL results of the two experiments. Our model is one that can be effectively used in the dose-response phase of risk assessment.
